Tc-annexin A5, a marker of ongoing apoptosis, and 18 F-FDG, a marker of the increased metabolism of inflammatory cells, are supposed to be useful in the detection of metabolically active atheroma. This study reports a comparison of the intralesional distribution of these tracers in relation to lesion development in ApoE−/− mice. Methods Male ApoE−/− mice (n =12-14/group) were maintained on a Western-type diet after the age of 5 weeks. 
At 25 weeks, 99m Tc-annexin A5 or 18 F-FDG was injected and the aortas were harvested for autoradiography (ARG) and Oil Red O staining. Regional radioactivity accumulation was compared in relation to the Oil Red O staining score (ranging from 0 to 3, a semiquantitative parameter for evaluating lesion development). Results Both 99m Tc-annexin A5 and 18 F-FDG showed preferential uptake into atherosclerotic lesions, with higher uptake levels for 18 F-FDG (mean, 56.07 %ID×kg/m 2 ) than for 99m Tc-annexin A5 (mean, 10.38 %ID×kg/m 2 ). The regional uptake levels of each tracer correlated with the Oil Red O staining score (r=0.65, p<0.05 for 99m Tcannexin A5; r=0.56, p<0.05 for 18 F-FDG). The uptake ratios of advanced lesions (score >0.5) to early lesions (score <0.5) were significantly higher for 99m Tc-annexin A5 than for 18 F-FDG (f=4.73, p=0.03). Conclusion Both 99m Tc-annexin A5 and 18 F-FDG accumulate in atherosclerotic lesions and correlate with the severity of each lesion. The higher absolute uptake levels ofIntroduction therefore clinically important for stratification and provision of early treatment. Several invasive and noninvasive imaging modalities are used to provide the necessary anatomic or functional information to identify plaques at risk of rupture [6] [7] [8] [9] [10] [11] [12] [13] . Nuclear imaging has several advantages, including its noninvasive nature and its potential to quantify important determinants of plaque vulnerability based on specific cellular or biochemical changes that characterize these lesions.
Inflammation and apoptosis are important components of plaque vulnerability [14] [15] [16] [17] . Because the metabolic and apoptotic signals are large, it is likely that even small lesions will be visible [18] . For these reasons, 99m Tclabeled annexin A5, a SPECT tracer as a marker of ongoing apoptotic cell death, and 18 F-FDG, a PET tracer as a marker of inflammation, are being evaluated for their ability to detect atherosclerotic plaques [18] [19] [20] [21] [22] [23] . It is unclear, however, which tracer is more useful for detecting atherosclerotic lesions and for determining lesion vulnerability.
Apolipoprotein E-knockout (ApoE−/−) mice have been widely used in studies of atherosclerosis because they spontaneously develop hypercholesterolemia and atherosclerotic lesions similar to those found in humans [24, 25] . Recently, some investigators have also observed spontaneous plaque rupture in the brachiocephalic arteries and subsequent sudden death in aged ApoE−/− mice [26] [27] [28] [29] . These data suggest that ApoE−/− mice could be a useful model for the evaluation of tracers for the detection of unstable atherosclerotic lesions.
This study reports our findings of the intralesional distribution of 99m Tc-annexin A5 and 18 F-FDG in ApoE−/− mice.
Materials and methods

Preparations of
99m Tc-annexin A5 and 18 F-FDG Recombinant (rh) human annexin A5 was produced by expression in Escherichia coli as previously described [13, 30, 31] . Rh-annexin A5 was derivatized with hydrazinonicotinamide (HYNIC) and then labeled with 99m Tc with tricine as coligand as described previously (specific activity: 4.8 MBq/μg protein) [32] . 18 F-FDG was obtained from Hokkaido University Hospital, which produces the tracer for clinical use.
Animal studies
Animal care and all experimental procedures were performed under the approval of the Animal Care Committee of Hokkaido University.
Studies were performed on ApoE−/− mice (n=12-14/ group) and wild-type mice (C57BL/6J: n=11-15/group), respectively obtained from Taconic's Gnotobiotic Center (Germantown, NY) and CLEA JAPAN Inc. (Tokyo, Japan). All animals were kept in a temperature-controlled facility in the Laboratory of Animal Experiments at Hokkaido University, on a 12-h light and 12-h dark cycle with free access to food and water. From the age of 5 weeks, the animals were maintained on a high-fat Western type diet (21% fat, 0.15% cholesterol, no cholate; diet#TD88137, Harland Teklad). At the age of 25 weeks the animals were fasted and anesthetized with pentobarbital anesthesia (0.025 mg/kg, intraperitoneally), and either 99m Tc-annexin A5 (18.5 MBq/mouse) or 18 F-FDG (18.5 MBq/mouse) was injected to both ApoE−/− and control mice. Blood glucose levels of all animals were measured immediately before the injection. Two hours after 99m Tc-annexin A5 injection or 1 h after 18 F-FDG injection, blood samples (0.9-1.5 ml per mouse) were collected under deep anesthesia for subsequent analysis of cholesterol and triglyceride levels. The aorta was fixed by cardiac perfusion with cold 0.1 M phosphate buffer solution (pH 7.4) followed by cold fixative (4% paraformaldehyde, 0.1 M phosphate buffer solution (pH 7.4), removed and mounted on a clean glass slide after longitudinal incision.
Autoradiographic studies
To visualize the distribution of each tracer in the aorta, the specimens were exposed to phosphor imaging plates (Fuji Imaging Plate BAS-UR, Fuji Photo Film, Japan) for 2 h in the 18 F-FDG examination and for 12 h in the 99m Tc-annexin A5 examination, together with a set of calibrated standards [33, 34] . The autoradiographic images were analyzed using a computerized imaging analysis system (Fuji bio-imaging analyzer BAS5000). To quantify the regional uptake levels of 99m Tc-annexin A5 and 18 F-FDG, regions of interest (ROIs; 0.36 mm 2 ) were placed over the entire surface area of the ARG images (Fig. 1a) . The radioactivity in each ROI was shown by photostimulated luminescence per unit area (PSL=a×D×t, where a is a constant, D is radioactivity exposed on the imaging plate, and t is the exposure time). Each count of PSL/mm 2 from the aortic tissues was recorded and converted to percentage injected dose per m 2 of aortic tissue surface area (%ID/m 2 ) using the activity of the standards. The data were normalized by animal body weight (%ID×kg/m 2 ). To determine the tracer uptake level in advanced lesions relative to that in early lesions, relative uptake values (RUVs) were defined as the ratio of tracer uptake in each ROI group to that in the ROI group with Oil Red O staining scores of 0-0.5 (see below).
Histological studies
The same aortic tissues that were used for autoradiographic analysis were carefully stained with Oil Red O (Sigma) for coordination with the autoradiograms. Briefly, the aortic tissues were rinsed with 60% 2-propanol for 3 min, incubated in Oil Red O solution at 37°C for 40 min, then destained in 60% 2-propanol for 6 min and mounted on glass slides using aqueous mounting medium (Biomeda corporation, Foster City, California). For histological grading, the ROIs defined on the autoradiograms were transferred to the histological images. The Oil Red O-stained specimens were microscopically examined and Red O staining (b-e), hematoxylin and eosin staining (f-i), and immunohistochemical staining for macrophages (j-m). Histological grading of atherosclerotic lesions was performed based on the intensity of Oil Red O staining: 0=not stained, 1=slightly stained, 2=intensely stained, and 3=very intensely stained. In order to test the feasibility of histological grading based on Oil Red O staining, hematoxylin and eosin staining and immunohistochemical staining for macrophages were performed using aortic specimens corresponding to each grade of Oil Red O staining. The variation of Oil Red O staining allowed us to stratify the lesions into those with high and those with low lipid content, which partly indicated the levels of atherosclerosis progression, as confirmed by hematoxylin and eosin staining and immunohistochemical staining for macrophages. Bar=100 μm the intensity of staining and percentage of positively stained area were determined in each ROI. The intensity of staining was graded from 0 to 3 (0=not stained, 1=slightly stained, 2=intensely stained, 3=very intensely stained) (Fig. 1b-e) . The atherosclerosis severity levels were assessed semiquantitatively using the product of these scores (intensity×% positive area; Oil Red O staining score). On the basis of the Oil Red O staining score, ROIs were divided into three ROI groups (Oil Red O staining scores: 0-0.5, 0.5-1, and more than 1). In order to test the feasibility of histological grading based on Oil Red O staining, hematoxylin and eosin staining, and immunohistochemical staining with the mouse macrophage specific antibody (Mac-2, clone m3/38, Cedarlane, Ontario, Canada) were performed with standard procedures [34] using several aortic specimens embedded in paraffin (Fig. 1 ).
Statistical analysis
All numerical parameters were expressed as mean±SD. Unpaired Student's t test was performed to evaluate the significance of differences in body weight, blood glucose level, and plasma lipid level between ApoE−/− and control mice and between 99m Tc-annexin A5 and 18 F-FDG groups ( Table 1 ). The differences in the average uptake levels of 99m Tc-annexin A5 and 18 F-FDG in the aortic tissues between the ApoE−/− and control mice were also tested using the unpaired Student's t test (Fig. 3) . Repeated measures ANOVA was performed to evaluate the significance of differences in atherosclerotic lesion development (Table 2 ) and relative uptake values (RUVs) (Fig. 5 ) between 99m Tc-annexin A5 and 18 F-FDG groups. The correlation between the Oil Red O staining score and the regional tracer level was assessed using Spearman's correlation coefficient by rank analysis. One-way ANOVA followed by post hoc analysis (Bonferroni) was performed to evaluate the significance of differences in the regional tracer levels among the ROI groups with different Oil Red O staining scores (Fig. 4) . A two-tailed p<0.05 was considered statistically significant.
Results
Body weight and blood glucose and plasma cholesterol levels
The body weight and the blood glucose and plasma lipid levels of ApoE−/− and control mice are shown in Table 1 . Significantly higher body weight and plasma lipid levels were observed in ApoE−/− mice than in the corresponding control mice. The blood glucose levels were significantly higher in control mice than in ApoE−/− mice. No significant difference was observed in each parameter between 99m Tcannexin A5 and 18 F-FDG groups in the same strain.
Histological studies Table 2 shows the summary of the atherosclerotic lesions developed in the ApoE−/− and control mice. In the ApoE−/− mice, various atherosclerotic changes, from early to advanced lesions, were observed throughout the aortic tissues. The advanced lesions were predominantly located at the branch of the thoracic aorta to the right carotid artery and lesser curvature of the aortic arch. No significant differences were observed in the atherosclerotic lesion development between the 99m Tc-annexin A5 group and the 18 F-FDG group (f=0.76, p=0.48). No obvious atherosclerotic changes were observed in the aorta of control mice. Tc-annexin A5 in both strains.
Relationship between regional tracer uptake and lesion development Figure 4 shows the correlation between regional tracer uptake levels and lesion development in ApoE−/− mice.
For both tracers, the regional tracer uptake levels in the aortic tissues were correlated with the severity of atherosclerotic changes determined by the Oil Red O staining. 99m Tcannexin A5 accumulation showed a better correlation with the severity of atherosclerotic changes (r=0.65, p<0.05) than did 18 F-FDG accumulation (r=0.56, p<0.05). The uptake level of 99m Tc-annexin A5 in the region with atherosclerotic severity scores from 0 to 0.5 was significantly lower than the levels in any other regions with higher Oil Red O staining scores (0.5-1.0 or more than 1.0), whereas the differences in 18 F-FDG uptake level were not significant. The tracer uptake ratios of advanced to early lesions are shown in Fig. 5 . 18 F-FDG showed relatively low uptake ratios for advanced lesions with higher Oil Red O staining scores (more than 0.5), because of a relatively high uptake in early lesions scored 0-0.5. The uptake ratios of 
Discussion
This study was designed to verify the usefulness of 99m Tcannexin A5 and 18 F-FDG for the imaging and quantifica- F-FDG in aortic tissues of ApoE−/− and control mice. Both tracers showed higher uptake levels in ApoE−/− mice than in control mice. 18 F-FDG showed higher absolute uptake levels than 99m Tc-annexin A5 in both strains In human arterial tissues, atherosclerotic lesions develop and progress slowly throughout life. Vulnerable plaque rupture induces sudden cardiac death, myocardial infarction and other acute obstructive vascular diseases. To prevent the occurrence of these diseases, it is essential to clarify the atherosclerotic lesion progression from benign lesions to vulnerable plaques. In this regard, several previous studies have demonstrated the detection of plaque instability using 99m Tc-annexin A5 or 18 F-FDG in human and animal models of atherosclerosis [19] [20] [21] [22] [23] [35] [36] [37] [38] . However, it remains to be elucidated which tracer is more useful for detecting atherosclerotic lesions and for determining lesion vulnerability. In our comparison between the tracers, 99m Tcannexin A5 showed a higher correlation between regional tracer uptake level and atherosclerotic severity (r=0.65, p< 0.05) than did 18 F-FDG (r=0.56, p<0.05). More importantly, the significantly higher uptake levels of 99m Tcannexin A5 in advanced lesions (Fig. 4) indicate the potential of this tracer to identify plaques with a higher risk of rupture. The uptake ratios of advanced to early lesions were significantly higher for 99m Tc-annexin A5 than for 18 F-FDG (Fig. 5) . On the other hand, 18 F-FDG showed significantly higher absolute uptake levels in the aortic tissues than did 99m Tc-annexin A5, suggesting that 18 F- FDG may be more sensitive for detecting plaques of different severity. The high image resolution and sensitivity of PET also enhance the detectability of small objects such as atherosclerotic plaques. It may be possible to take advantage of the superior characteristics of PET imaging with annexin-A5, by labeling the protein with either fluorine-18 [39] or gallium-68 [40] . Placing a radiation detector close to atherosclerotic lesions using an intravascular catheter can also be considered an alternative method of detecting small lesions [37] . Thus, our study using ApoE−/− mice clearly characterized the potential of these tracers.
Kolodgie et al. [23] used 99m Tc-annexin A5 to image experimental atheroma in a rabbit model with ballooninjured abdominal aorta. They demonstrated a significant correlation (r=0.47, p=0.04) between tracer accumulation and histologically verified macrophage apoptosis, and the mean %ID/g uptake was significantly higher in aortic segments with AHA type IV lesions than in aortic segments with AHA type II or type III lesions. Johnson et al. [35] have imaged experimental atherosclerotic lesions using a juvenile swine model with balloon-injured coronary vessels. Isobe et al. [38] have imaged spontaneous atherosclerotic lesions in high-fat fed ApoE−/− mice and LDL−/− mice with micro-SPECT/CT. They demonstrated significant correlations of 99m Tc-annexin A5 uptake with macrophage infiltration and the extent of apoptosis. The results of our study are in agreement with those of previous studies. For 18 F-FDG, Ogawa et al. [22] , using atherosclerotic rabbits, confirmed a close correlation between 18 F-FDG uptake level and macrophage number in atherosclerotic plaques (r= 0.81), suggesting that 18 F-FDG has the potential to identify macrophage-rich unstable lesions. Other investigations in balloon-injured aortas [19, 41] or symptomatic plaques obtained by carotid endarterectomy (CEA) [42] also confirmed that 18 F-FDG uptake reflects macrophage infiltration in atherosclerotic lesions. In our study, however, the correlation between 18 F-FDG uptake level and atherosclerotic lesion development was relatively weak, compared with the results of the above-mentioned studies. The differences in the lesion characteristics of the animal models used and in the approaches employed to analyze lesion severity may explain the discrepancy. In this study, we used Oil Red O to stain lipid deposits inside atherosclerotic lesions for histological examination, instead of counting the number of cellular components.
It is also important to consider the methodological aspects of this study. We used ApoE−/− mice, a spontaneous atherosclerosis animal model, which develop atherosclerotic lesions slowly in the aortic tissues throughout the arterial tree. Several recent studies have demonstrated the vulnerability of plaques in apoE−/− mice, particularly in high-fat fed apoE−/− mice [26] [27] [28] [29] . Intramural bleeding was also reportedly observed in the brachiocephalic arteries at an older age (60 weeks), possibly caused by plaque rupture [43] . Various atherosclerotic changes, from early to advanced lesions, were observed in the aortic tissues in our mice, which allowed us to determine tracer uptake levels in relation to lipid deposition in the atheroma. On the other hand, apoE−/− mice have impaired lipid metabolism, which may affect glucose metabolism and result in altered tracer distribution, particularly 18 F-FDG distribution. Several lines of experimental evidence, however, show that apoE−/− mice are resistant to developing hyperglycemia in response to a high-fat or even diabetogenic diet [44] . In fact, the plasma glucose levels of our apoE−/− mice were within the normal range. Accordingly, it is unlikely that the impaired lipid metabolism in apoE−/− mice significantly affected the tracer accumulation in this study.
One major disadvantage of this study is the separate investigations of 99m Tc-annexin A5 and 18 F-FDG, which hampered simultaneous comparison of the difference in uptake levels of the two tracers in the same atherosclerotic lesion and animal. A dual-tracer study using 99m Tc-annexin A5 and 18 F-FDG in the same animal will provide a more precise comparison between these tracers. Also, it should be noted that the autoradiographic images were taken by mounting the whole aorta on a slide after longitudinal incision. The thickness of the aorta may affect the quantitative determination of the tracer distribution, as the thickness can differ depending on the atherosclerotic progression state. In spite of this limitation, this method (exposure of longitudinally incised atherosclerotic aorta) is a widely used and well-established technique for examining the feasibility of use of radiolabeled agents for the detection of atherosclerotic lesions [45, 46] , and the imaging intensity also matches with the quantitative tissue counting result [47] . Thus, this method is helpful in comparing the tracer distribution in the whole aorta with the result of histological evaluation, although a careful interpretation of autoradiographic images is strongly required. Another disadvantage may be the insufficient histological evaluation. In the present study, we used Oil Red O staining to document the atherosclerosis progression throughout the aorta and correlated its score with the tracer accumulation. Oil Red O staining is commonly used to identify exogenous or endogenous lipid deposits. From the early stages of lesion formation when lipid-filled macrophages appear in the subendothelium to the advanced stages with macrophage degeneration and the formation of lipid pools or necrotic cores, lesion development in ApoE−/− mice is accompanied by an increase in lipid content [29] . More importantly, during plaque destabilization, an increase in lipid content is accompanied by an increase in the number of macrophages [48, 49] , and the lipid content in vulnerable plaques is significantly higher than that in stable lesions [27] . Accordingly, the intensity of Oil Red O stain is a reasonable parameter that can be used for the evaluation of lesion development, which was also confirmed by hematoxylin and eosin staining and immunohistochemical staining for macrophage (Fig. 1) . However, more detailed histological information on lesion development, such as lesion structure or inflammatory cell density, is required to clarify the relationship of the changes in tracer uptake levels with the changes in cellular components inside atherosclerotic lesions. In the present study, autoradiographic images of the whole aorta were taken after longitudinal incision to compare the tracer distribution in the whole aorta with the results of histological evaluation, which hampered the performance of detailed cross-sectional staining.
Conclusion
Our findings in a mouse model of spontaneous atherosclerosis verified the usefulness of 99m Tc-annexin A5 and 18 F-FDG as nuclear imaging agents for the detection of atherosclerotic lesions. The higher absolute uptake level of 18 F-FDG in aortic tissues may offer higher sensitivity for lesion detection, whereas the preferential uptake of 99m Tcannexin A5 in advanced lesions suggests its potential for assessing the vulnerability of atherosclerotic plaques.
